Summary High resolution measurements of stem diameter variation provide a means to study short-term dynamics of tree growth and water status. In this 14-month study, daily changes in stem radius of Eucalyptus globulus Labill. seedlings were measured with electronic point dendrometers in a plantation in southern Tasmania, Australia. The daily patterns of stem expansion and shrinkage were classified into three phases: shrinkage; recovery; and increase in diameter from one maximum to the next, or increment. This study showed that rapid onset of even mild drought in irrigated trees caused distinct changes in daily patterns of stem diameter variation, particularly the duration of daily stem increment. The duration of the daily increment phase was directly related to increment magnitude. The dynamics of daily increment were significantly affected by mean minimum temperature, indicating a temperature limitation on metabolic processes underlying diameter growth in these trees. Most likely due to differences in conductance, the duration but not rate of the incremental daily expansion was greater in fast-than in slow-growing trees.
Introduction
Eucalyptus globulus (Labill.) is a commercially important hardwood tree species grown in temperate and Mediterranean climates (MacFarlane et al. 2004 , Fernandez et al. 2006 . It has a number of highly desirable qualities including rapid growth (Downes et al. 1999) , drought tolerance (White et al. 1999 ) and good fibre qualities (Beadle et al. 2000) . Because of these characteristics, there has been rapid expansion of E. globulus plantations which has created a need to better understand the processes controlling growth in this species. Such knowledge will provide a better understanding of the relationships between silvicultural practices, stand productivity and wood quality, and of the potential environmental impacts of E. globulus plantations, particularly impacts on regional carbon and water balances (Battaglia et al. 2004 , O'Grady et al. 2008 .
High resolution measurements of stem diameter provide insights into the temporal patterns in stem growth and water relations and their relationship with environmental variables (Deslauriers et al. 2007a) . Much research has already demonstrated an association between diurnal changes in stem radius, tree water status and prevailing environmental conditions (MacDougal 1924 , Fritts and Fritts 1955 , Downes et al. 1999 , Deslauriers et al. 2007b , Zweifel et al. 2007 ). Daily stem size variation has been related to parameters such as leaf water potential Klepper 1973, Génard et al. 2001 ) and evaporative demand (Downes et al. 1999 , Intrigliolo and Castel 2005 , Zweifel et al. 2005 ; and precipitation has been shown to correlate positively with daily stem increment (Downes et al. 1999 , Deslauriers et al. 2003 . Beside effects of tree water status, the dynamics of daily stem expansion are influenced by temperature and solar radiation (Downes et al. 1999 , Génard et al. 2001 . Minimum or nighttime temperatures correlate with daily stem diameter increment in Eucalyptus spp. (Downes et al. 1999) and in Abies balsamea (L.) Mill. (Deslauriers et al. 2003) . The magnitude of daily changes in stem diameter can vary with tree size and growth rate , McLaughlin et al. 2003 , Wullschleger et al. 2004 . Because stand structure is an important determinant of productivity (Smith and Long 2001 , Binkley 2004 , Stape et al. 2004 ) and water use (Adelman et al. 2008) , there is increasing focus on developing a process-based understanding of size class distributions and stand structure (Binkley et al. 2002 , Binkley 2004 .
In this study, patterns of daily radial stem size variation were compared between irrigated and unirrigated E. globulus seedlings during a 14-month period. The aim was to understand how water availability and microclimatic variables, particularly temperature, effect daily stem diameter variation and net growth. In addition, differences in stem diameter variation in slow-growing versus fast-growing trees were investigated to gain insights into the processes driving the development of stand structure.
Materials and methods

Study site
Research was conducted at the Pittwater research plantation 20 km east of Hobart in southeast Tasmania, Australia (42°49′ S, 147°30′ E, 9 m a.s.l.). The site has a 2% slope running NW to SE. Climate for the region is classified as cool temperate maritime, with a mean annual rainfall of about 500 mm and pan evaporation usually in excess of 1300 mm per year. Mean daily maximum and minimum temperatures vary between 22.5 and 12.5°C and 12.0 and 4.0°C for summer and winter, respectively (www.bom.gov.au). The soil at the site has an aeolian derived sandy A-horizon 1.5 to 2 m deep, overlying a sandy-clay to clay B horizon. The depth to water table varies from about 2 to 4 m.
Seedlings, about 9 months old, were planted at a spacing of 3 × 3 m in September 2002 in nine 225 m 2 plots of 25 trees, in a three-way Latin square design with three water availability treatments. In the current study, results are reported from only two treatments; unirrigated and irrigated. Each seedling was watered and fertilized (106 kg ha -1 year -1 nitrogen, 59 kg ha -1 year -1 phosphorus and 60 kg ha -1 year -1 potassium, plus trace elements) at planting (O'Grady et al. 2005) . Manual and chemical weed control was carried out throughout the experiment.
Trees in the unirrigated plot were watered for 3 months following establishment. In the irrigated plots, 6 mm of water was applied every second night throughout the experiment, except during the winter. In 2005, irrigation was terminated in early May and resumed in November. In 2006, irrigation was terminated in May and resumed in early July.
Weather at the site was recorded by an automatic weather station, installed 100 m NE of the plantation in an open field. Temperature and humidity were measured using a Vaisala HMP35A probe in a Stevenson screen mounted 1.5 m above ground. Rainfall was measured with a tipping bucket rain gauge, 200 mm in diameter and 0.2 mm per tip. Total radiation was measured 2 m above ground with a LI-COR Li200x pyranometer, and wind speed was measured with a Met One 014A anemometer. Data were acquired every minute, and 30-min means of variables and total rainfall were recorded by a Campbell Scientific CR10 data logger.
Since plantation establishment, soil water content has been monitored monthly with a Neutron moisture meter (NMM probe, Hydroprobe CPN503, CA). An access tube was installed in the middle of each plot and NMM counts were recorded at 15-20 cm intervals to a depth of about 2 m. Calibrations between relative water content (RWC) and NMM counts developed for soils at the site were used to convert counts to relative water content (g g -1 ). RWC was converted to matric potential based on soil water release curves developed for soils at the site (Worldege and O'Grady, unpublished data).
Measurements of stem size
Stem diameters were measured with point dendrometers (Agricultural Electronics Corporation, Tucson, AR). In July 2005, when the trees were 33 months old, dendrometers were installed at breast height (1.3 m) on three trees per plot in seven plots. Selected trees were classified as "dominant," "co-dominant" or "suppressed," based on height and relative diameter at breast height (DBH). An additional eight dendrometers were installed in a separate, unirrigated portion of the trial. Dendrometers were mounted on 4 mm diameter stainless steel threaded rods inserted 40 mm into the wood. Each dendrometer sensing head was placed at the bark surface after the removal of loose bark. Dendrometers were calibrated so that a 4 µm change in stem radius corresponded to about 1 mV change in sensor readout. Stem radius on the northern side of the tree was monitored at 15-min intervals. Readings for all trees, logged every 15 min and averaged hourly, were collected from November 2005 to December 2006.
Leaf water potential
Daily variation in leaf water potential was measured regularly during the study using a Scholander-type pressure chamber (PMS Instruments, Corvalis, OR). Measurements were made on two leaves from each tree, beginning before dawn and continuing throughout the day at 60-90 min intervals until sunset, or later. All leaves were collected from the north side of the mid-canopy and immediately placed in plastic bags and held in a dark insulated container until measurement, usually within 15-20 min of collection.
Data analysis
In place of data for an unirrigated tree for which dendrometer measurements were incomplete, data for a monitored unirrigated tree with a similar diameter, which was outside the main study plot were substituted. Results for an irrigated tree broken during a storm were omitted from the analyses.
Trees whose total radial growth over the study was less than 21 mm were classed as "slow growing," whereas trees whose growth was greater than 31 mm were classed as "fast growing."
Overall treatment/group differences were compared with t-tests. Differences over time, or differences between periods, were assessed with a repeated measures general linear model. Multiple comparisons were made by the least significant difference t-test.
Definition of shrinkage, recovery and increment
Three phases of the diurnal cycle of change in stem radius were defined according to Downes et al. (1999) : "increment" is the increase in stem size from a previous maximum diameter to a new maximum diameter; "shrinkage" is the decrease in stem size from a previous local maximum to a local minimum; and "recovery" is the increase in stem size from a previous minimum until a previous maximum. In addition, the phases of recovery and increment together were defined as "expansion." The duration of each daily phase and the rate of change in di-ameter (i.e., the slope of the curve between successive inflection points) was determined.
Results
Weather and environmental data
Daily temperatures at the research site reached a maximum of 37°C and a minimum of -1.2°C during the study. Mean daily temperature did not exceed 28°C or drop below 2°C. Maximum vapor pressure deficit was 4.7 kPa, with a minimum of 0.05 kPa. Total rainfall from November 2005 to November 2006 was 330 mm, well below the long-term site mean (about 500 mm per annum at the nearby Hobart airport).
Soil and leaf water potential
During the experiment, differences in water deficit between irrigated and unirrigated trees were minimal, largely due to the presence of a shallow water table. However, soil matric potential in the first meter of soil dropped markedly in winter 2006 in the irrigated plots when irrigation was discontinued, and this change had a clear effect on leaf water potential (Figure 1) . In the unirrigated trees, a decline in soil matric potential in the upper meter of soil was observed in the summer of 2006, particularly in January and February. Over this period, mean predawn leaf water potential in the trees reached a minimum of -0.85 MPa, but these trees tended to have a lower predawn water potential than the irrigated trees throughout the study (Figure 1 ).
Stem growth and diameter at breast height
At the start of the study, mean DBH of trees in the irrigated plots was not significantly greater than in the unirrigated plots. There was also no difference between the treatments in total tree growth between August 2005 and May 2007.
Although soil matric potential and predawn leaf water potential dropped in the unirrigated treatment during the summer of 2006 (January and February particularly) (Figure 1) , the effect on growth compared with that in the irrigated treatment was barely noticeable (Figure 2 ). During the winter, when irrigation was terminated in the irrigated treatment, diameter growth in the irrigated plots was significantly (t = 3.1, P = 0.003) lower than in the unirrigated plots (Figure 2) .
Shrinkage, recovery and increment
The tree stems showed a regular diurnal pattern of shrinkage, recovery and increment during the study. Stem increment in response to certain rainfall events was distinct, and on these occasions, diurnal shrinkage temporarily ceased (Figure 2) .
Overall, the unirrigated trees spent longer each day in the increment phase (t = 2.1, P = 0.061), but less time in the recovery phase (t = 2.5, P = 0.021) than the irrigated trees (Table 1) . The duration of the increment phase contributed significantly to the magnitude of the daily increment in irrigated trees (F = 42.5, P < 0.001) and nearly significantly in unirrigated trees (F = 4.9, P = 0.057). The duration of the increment phase explained more than 80% of the variation in daily stem increment in the irrigated treatment versus 38% in the unirrigated TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 1 . Mean rate (µm h -1 ) and duration (h) of daily increment, recovery and shrinkage in irrigated and unirrigated trees.
Increment
Recovery Shrinkage Duration Irrigated 7.7 ± 0.6 9.5 ± 0.7 8.0 ± 0.2 Unirrigated 8.7 ± 0.7 4.6 ± 0.7 8.3 ± 0.2 Rate Irrigated 4.5 ± 0.8 9.5 ± 1.6 8.6 ± 1.8 Unirrigated 4.6 ± 0.5 8.3 ± 1.3 8.4 ± 1.6 treatment ( Figure 3 ). The strength of this relationship in the unirrigated treatment was reduced more than 12% by one particularly slow growing tree. There was no difference in daily shrinkage duration between unirrigated and irrigated trees overall, but between May and July 2006, when irrigation was discontinued, stem shrinkage duration was greater (F = 4.4, P = 0.052) in the irrigated trees as their water potential declined (lower predawn shoot water potentials and soil matric potentials) than in the unirrigated trees. There was an increase in the duration of recovery in the irrigated trees over this period when daily expansion increment was limited (Figure 4) .
There was no difference in the mean increment, recovery or shrinkage rates (P > 0.8 in all cases) over the study between irrigated and unirrigated trees (data is summarised in Table 1) . It was evident, however, that increment, recovery and shrinkage rates declined in winter in both treatments ( Figure 5 ).
Monthly mean minimum temperature was the best predictor of mean monthly increment rate (r = 0.94, P < 0.001) (Figure 6) . The duration of increment was negatively (r = 0.85, P < 0.001) correlated with minimum daily temperature in unirrigated trees, but not in irrigated trees, largely because of the low mean daily increment duration in unirrigated trees in June 2006, a period of soil water deficit (Figure 6 ). Monthly mean daily stem shrinkage duration was positively correlated with monthly mean total daily solar radiation (r = 0.92, P < 0.001). The daily pattern of stem shrinkage observed in trees is closely related to the decrease in leaf water potential that occurs with the onset of transpiration (Sevanto et al. 2002) . In this study, stem shrinkage coincided closely with the onset of a decline in leaf water potential, but there was a delay of 3 to 4 h from the point at which leaf water potential began to increase (about midday in November and 2 pm in March) and the onset of the recovery phase in stems as water content was replenished in the cambial zone and developing xylem (Figure 7) .
Increment, recovery and shrinkage durations and rates did 1576 DREW, O'GRADY, DOWNES, READ AND WORLEDGE TREE PHYSIOLOGY VOLUME 28, 2008 , the mean daily duration of recovery exceeded the duration of shrinkage by more than 5.5 h. This was likely due in part to the longer winter nights, but virtually none of the long nighttime expansion phase consisted of increment. The duration of increment, on average for all trees, was only 1.7 ± 0.9 h in June.
There was a significant (P = 0.034) increase in the magnitude of the daily stem shrinkage from 67 ± 19 µm in May to 80 ± 23 µm in June. As there was no change in the daily duration of stem shrinkage, this means that the rate of shrinkage increased.
Over the entire study, the unirrigated trees experienced an increment event on about 9% more days (t = 2.2, P = 0.044) than the irrigated trees. There was no difference overall in the number of days on which trees in each treatment experienced some shrinkage.
There were differences in daily patterns of stem size variation between slow and fast growing trees (Figure 8) . The magnitude of increment was significantly (t = 6.5, P < 0.001) greater in fast growing trees. Slow growing trees spent significantly (t = 3.9, P = 0.002) longer each day in the recovery phase and therefore significantly less time in the increment phase (t = 5.7, P < 0.001). There was no difference in shrinkage duration between fast and slow growing trees. The rate of recovery (t = 1.8, P = 0.09) and increment (t = 4.3, P = 0.001) Figure 6 . Relationship between monthly mean daily minimum temperature and (a) mean rate of daily stem increment and (b) mean daily duration of increment in irrigated (᭹) and unirrigated (᭺) trees. Arrow shows mean daily increment duration in June 2006 in the irrigated trees in which growth was severely affected by increased soil water deficit. 
DREW, O'GRADY, DOWNES, READ AND WORLEDGE
TREE PHYSIOLOGY VOLUME 28, 2008 were slower in the slow growing trees than the fast growing trees. Neither the magnitude of daily shrinkage nor the magnitude of daily recovery differed between slow and fast growing trees. Slow growing trees began the phase of increment, from about 0115 h ± 50 min whereas the fast growing trees begin increment about 1.5 h earlier, at 2345 h ± 40 min (t = 4.1, P = 0.002).
Discussion
Tree water status
When VPD increases or soil water decreases, both the leaf to soil water potential gradient and the risk of xylem cavitation increase. However, water withdrawn from stem tissues adjacent to the xylem can limit extremes of xylem water tensions (Herzog et al. 1995, Zweifel and Häsler 2001) . Daily stem diameter variation is largely attributable to stem tissue water withdrawal and replenishment, much of which occurs in tissues external to the xylem (Dobbs and Scott 1971 , Brough et al. 1986 , Zweifel et al. 2000 . Accordingly, the stem radius decreases as transpiration increases (Génard et al. 2001 , Intrigliolo and Castel 2005 , Zweifel et al. 2007 ) so that high resolution measurements of stem size variation can be a useful signal of tree water status.
In the present study, the effects of decreased water availability were demonstrated in the irrigated trees during the winter of 2006 when irrigation was discontinued for 2 months. Predawn leaf water potentials declined significantly, and stem increment in the hitherto irrigated trees stopped almost immediately, presumably due to a cessation in cambial activity (Drew and Pammenter 2007, Saveyn et al. 2007) . Over the following 8 weeks, trees exhibited net shrinkage on more than 40% of the days from the beginning of June to the middle of July (when irrigation was resumed), indicating that they did not fully equilibrate with the water potential of the soil overnight. In contrast, over the same period, trees in the unirrigated treatment continued to exhibit daily net stem increment. These results indicate that the trees accustomed to relatively high water availability in upper soil layers were highly sensitive to reductions in soil water, even under the conditions of low atmospheric demand that are associated with lower winter temperatures. Although leaf water relations indicate that E. globulus trees are relatively drought tolerant (White et al. 1999) , whole plant hydraulic conductance appears highly sensitive to declining soil water availability. O'Grady et al. (2008) observed a significant loss of soil-to-leaf conductance (about 30%) at predawn leaf water potentials of around -0.5 MPa while Pita et al. (2003) observed a 70% loss of conductance at predawn leaf water potentials of about -1.0 MPa. The cessation of irrigation caused the relative water content of the upper soil layers and predawn leaf water potential in the irrigated treatment to decline rapidly in comparison to values in the unirrigated treatment (Figure 1) . The sandy texture of the soil at the site, which meant that soil water availability remained high even at low relative water contents, and the presence of a relatively shallow water table combined to reduce the overall impact of the irrigation treatments on tree growth. The differences in response between the treatments during winter 2006 when irrigation was discontinued can be explained in relation to contrasting rooting patterns between the irrigation regimes. Kätterer et al. (1995) and Moroni et al. (2003) have demonstrated that E. globulus trees grown under irrigation develop shallower and less extensive root systems than trees grown without irrigation. The decline in water potential in the upper profile of the irrigated plots indicates that there was a concentration of roots in the upper soil profile of the irrigated treatment. In contrast, soil matric potential of trees in the unirrigated plots remained relatively high, indicating that trees were extracting soil water from deeper in the profile.
Response to rainfall and irrigation
Following the resumption of irrigation in July 2006, the irrigated trees showed immediate and rapid increment rates, indicating that cambial and xylem developmental zones of E. globulus remained highly responsive to tissue water status. Scholz et al. (2008) observed differential rates of expansion in the sapwood compared to the outer parenchyma tissues and noted that the two remain hydraulically well connected. This indicates that water stored in stem tissues acts to buffer the water status of the cambial zone, thus helping to maintain metabolic function (McLaughlin et al. 2003) .
Mean daily temperature
Rates of stem increment were lower in both treatments when temperatures were lower, as indicated by the strong correlation between mean rates of stem increment and mean minimum temperature ( Figure 6 ). These results highlight the importance of temperature in determining the rate of metabolic processes of growth within the cambial zone as temperature is usually at a minimum during the night, when stem turgor is highest and conditions for growth are optimal (Saveyn et al. 2007 ). Variation in rates of daily increment appeared to occur independently of the effects of water deficit, which was not the case for the duration.
Slow and fast growing trees
Our study shows that faster growing trees recovered more quickly from transpiration driven stem diameter shrinkage than slower growing trees. The duration of recovery (defined as "refilling") was also found to be a critical determinant of growth by Deslauriers et al. (2007b) . McLaughlin et al. (2003) found that fast growing trees were more sensitive to drought than slow growing trees, a result consistent with hydraulic theory that suggests that higher conductance is associated with increased susceptibility to xylem embolism (Sperry et al. 2003) . Furthermore, fast growing trees had fewer, larger vessels per unit sapwood area than slow growing trees (author's unpublished results), thus stem conductivities as estimated from the fourth power of vessel radius (Zimmerman 1983) were higher in fast growing trees. Accordingly, fast growing trees can be expected to reach maximum turgor more quickly and therefore to spend longer in the increment phase than slow growing trees, resulting as a consequence in a higher overall growth rate. 
